The shortage of new antimicrobial drugs and increasing resistance of microbe to antimicrobial agents have been of some concern. The formulation studies of new antibacterial and antifungal agents have been an active research field. Ionic liquids are known as designed liquids with controllable physical/chemical/biological properties and specific functions, which have been attracting considerable interest over recent years. However, no attention has been made towards the preparation of ionic liquids with antimicrobial activities. In this paper, a new class of ionic liquids (ILs) with fumarate anion was synthesized by neutralization of aqueous 1-butyl-3-methylimidazolium hydroxide with equimolar monoester fumarate and characterized using NMR and thermal gravimetric analysis. The ILs are soluble in water and polar organic solvents and also soluble in the common ILs. The antimicrobial activities of the ILs are more active than commercially available potassium sorbate and are greatly affected by the alkyl chain length. The significant antimicrobial properties observed in this research suggest that the ILs may have potential applications in the modern biotechnology.
Introduction
Ionic liquids (ILs) are composed of bulky organic cations, for example, imidazolium or pyridinium, with a wide variety of anions including chloride (Cl − ), nitrate (NO 3 − ), hexafluorophosphate (PF 6 − ), and tetrafluoroborate (BF 4 − ). ILs are known as designed liquids with controllable physical/ chemical/biological properties and specific functions, which have been attracting considerable interest over recent years [1] [2] [3] [4] [5] [6] [7] [8] . In 1996, Pernak and Skrzypczak reported, for quaternary alkylthiomethylimidazolium chlorides, the existence of a quantitative relation between critical micellar concentration and minimum inhibitory concentration against bacteria and the hydrophobicity index [4] . Later, the antibacterial activities of a series of imidazolium-and pyridinium-based ILs were reported [3, [9] [10] [11] [12] [13] . Demberelnyamba et al. [9] reported that the antibacterial and antifungal activities of quaternary imidazolium salts were greatly affected by their chain length, the type of substituted functional groups, and their position in the imidazolium ring. They found that all of the tested imidazolium halides that have two hydrophobic groups in the 1 and 3 positions in the imidazolium ring were the most suitable for antimicrobial activity. Also, the long alkyl chain imidazolium salts with methyl and hydroxyethyl substitution in the 2 and 3 positions of the imidazolium ring have an efficient antimicrobial activity. Pernak et al. synthesized protic ILs in the form of 1-alkyl-and 1-alkoxymethylimidazolium lactates and found that antimicrobial activities of the protic ILs are strongly related to the length of the substituent and to the type of anion [10] .
Although there are intensive studies on the antimicrobial activities of ILs, much work is still needed to develop new types of antimicrobial ILs, especially the types with anions of antimicrobial activities. The shortage of new antimicrobial drugs and increasing resistance of bacteria to antimicrobial agents have been of some concern [14] [15] [16] . A number of research programs have been aimed at increasing the antimicrobial performances of molecules by introducing new molecular parameters such as heteroatoms [17] [18] [19] , chemical functions [20, 21] , and aromatics [22, 23] . The formulation studies of new antibacterial and antifungal agents have been an active research field. Our strategy for antimicrobial ILs is to design ILs with organic acid anions. It was discovered that fumaric acid derivatives possess a broad spectrum activity against the growth of various microorganisms including fungi and bacteria [24, 25] . And fumaric acid esters exhibit antimicrobial activity far superior to those of propionic acid, propionates, sorbic acid, sorbates, benzoic acid, and the
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The structure of ILs with fumarate anion.
benzoates [25] . Unfortunately, they were found to have only limited solubility in aqueous system. To overcome these limitations, we have proposed a new class of water soluble ILs with fumarate anion. The new ILs that have , -unsaturated carbonyl structure will be expected to have enhanced antimicrobial activity. Their structures are shown in Scheme 1.
Materials and Methods

Materials.
Maleic anhydride, methanol, n-butanol, noctanol, n-dodecanol, n-chlorobutane, potassium sorbate, beef extract, and peptone were purchased from Shanghai Chemical Agent Co. (Shanghai, China). Methyl imidazole was redistilled under reduced pressure before use. The other reagents were of analytical grade and used without further purification. Synthesis of [BMIM][BF 4 ] was described in our previous publication [8] .
Characterizations of ILs. The
1 H NMR and 13 C NMR spectra were obtained on a Brüker AV-400 Fourier transform NMR spectrometer.
1 H NMR spectra were referenced to tetramethylsilane in CDCl 3 . Thermal gravimetric analysis (TGA) was performed on a Netzsch TG 209F1 instrument in N 2 flow with a heating speed of 10 ∘ C/min. [26] .
1-Butyl-3-methylimidazolium chloride ([BMIM]Cl) was obtained by the reaction of freshly distilled methyl imidazole with a slight excess equimolar dried n-chlorobutane in a round-bottomed flask fitted with a reflux condenser for 24 h at 68 ∘ C with stirring until two phases formed. The top phase, containing unreacted starting material, was decanted, and ethyl acetate (a volume approximately equal to half that of the bottom phase) was added with thorough mixing. The ethyl acetate was decanted followed by the addition of fresh ethyl acetate, and this step was repeated twice. Washing with ethyl acetate should suffice to remove any unreacted material from the bottom phase. After the third decanting of ethyl acetate, any remaining ethyl acetate was removed by heating the bottom phase to 68 ∘ C and stirring while on a vacuum line. The product, [BMIM]Cl, is white crystal at room temperature.
Aqueous solution of 1-butyl-3-methylimidazolium hydroxide ([BMIM]OH) was prepared by passing the imidazolium chloride through a column filled in anion-exchange resin, as described in the literature [8] .
[ 
Preparation of Culture Media.
Luria agar (LA) media consisted of yeast extract (5 g), tryptone (10 g), NaCl (10 g), and agar (15 g), in 1000 mL of distilled water. For the preparation of PDA media, potato extract (100 g), glucose (10 g) and agar (10 g) were dissolved in 500 mL of distilled water. Culture media were adjusted to pH 6.0 by addition of dilute HCl. 
It was more sensitive to low dilutions than the paper disc assay [27, 28] . Inocula were prepared by transferring loopfuls of pure culture in media (LB or PDA media) followed by incubation: yeast S. cerevisiae was incubated in PDA media at 30 ∘ C and 200 rpm; E. coli and B. subtilis strain in LB media at 37 ∘ C and 200 rpm. After the absorbance at 600 nm of cultures reached 0.7-0.8, 0.1 mL of the preculture suspension was inoculated into 5 mL fresh media.
The cylinder plate was made by putting sterilized cylinders into an agar plate. The agar plate was composed of two layers, the LA or PDA agar (20 mL), and was poured into 90 mm × 20 mm Petri dishes as the base layer; after its solidification, 5 mL of the LA or PDA medium with spores was poured onto base layer. Six stainless steel cylinders of uniform size (8 mm × 6 mm × 10 mm) were placed on the surface of inoculated media. Each cylinder was filled with 120 L of reference (Potassium sorbate) solution in one plate and the same amount of [BMIM] [MRF] in other plates for the assay. The compounds were dissolved in methanol. The bioassay plate was incubated at 30 ∘ C for 48 h (yeast) or at 37 ∘ C for 24 h (bacteria). The zone diameter of the growth inhibition was measured (in mm) using calipers (Trickle Brand, Shanghai Tool Corp.). All experiments were done in triplicates.
Results and Discussion
Characterization of ILs with Fumarate Anion. All the ILs prepared are airstable under ambient conditions and may be handled under normal laboratory conditions. [BMIM][MRF] was characterized using
1 H and 13 C NMR. All the characterization data are consistent with the expected compositions and structures. varied in the range of 1.165-0.985 g cm −3 . Here, the typical trait of ILs was preserved: increasing molecular weight was associated with a decrease in density [10, 30, 31] . On the other hand, electrical conductivity was strongly related to the structure of [BMIM] [MRF]. The electrical conductivity of these ILs ranges from 201 to 2200 S/m at 25 ∘ C (Table 2) , which confirms their ionic nature. Addition of CH 2 groups to the alkyl chain of the ester (R) decreased electrical conductivity, which is in close agreement with the literature [10] . It appears that the ionic conductivities of these ILs are mainly governed by their formula weight because the number of the ion carriers per unit volume generally decreased with increasing formula weight. [BMIM] [MRF] is soluble in water and common organic solvents at room temperature. This solubility behavior in water and organic solvents is similar to that of surfactants considering their structure. Most of quaternary ammonium-based surfactants are known to possess, in addition to interfacial activity, prominent biological activity against bacteria and fungi. Generally, anionic surfactants are only active against Gram-positive bacteria, while cationic surfactants are equally effective against Gram-positive and Gram-negative species [32] . The new synthesized [BMIM] [MRF] is more active than commercially available potassium sorbate (zone diameters for all tested strains <9.2 mm). ILs having other anions like chloride, oxalate, maleate, and tartrate were also screened but, as expected, showed no antimicrobial activity against the tested strains; therefore, the antimicrobial activity of [BMIM] [MRF] is due to the properties of fumarate anions.
Thermal
Fumaric acid derivatives, due to their nature as an , -unsaturated carbonyl structure, can react spontaneously with thiols via a Michael-type addition and can react at high rates under near-physiological conditions [33] . As a result, this process makes it possible to inhibit the enzyme involved in the basic metabolism of the cell or the synthesis of important cell constituents, for example, protein synthesis, or nucleic acid synthesis [34] .
As shown by Figure 2 , the ILs studied are active against rods and fungi, exhibiting strong activity and wide antimicrobial action. For the studied ILs, the antimicrobial activity of [BMIM] [MRF] against Gram-negative E. coli and yeast S. cerevisiae was dependent on chain length, showing maximal activity with alkyl group containing 4 and 8 carbon atoms, respectively. Further increases in chain length resulted in decreased activity. However, the most significant antimicrobial activity was observed in tests with B. subtilis (aerobe), a Gram-positive rod. Activity against B. subtilis is significantly different from those against Gram-negative E. coli and yeast S. cerevisiae indicating that no optimum activity was clear with the ILs under study here. Results reveal that these ILs show better antimicrobial activities with higher alkyl chain length against B. subtilis.
Hydrophobicity is an essential feature for antimicrobial agent membrane interactions, as it governs the extent to which the agent can partition into the lipid bilayer. Figure 2 revealed that these ILs show better antimicrobial activities with higher alkyl chain length against B. subtilis. It was reported that increasing the chain length of an n-alkyl group increases the lipophilic character of compounds, while decreasing their surface tension [35, 36] . Increased lipophilicity would be expected to increase the affinity for the cell membrane, thereby allowing a compound to penetrate more effectively into the cell membrane, altering its nature and more effectively inhibiting bacterial growth.
But ILs with a longer chain length do not warrant a better antimicrobial activity. In the literature, maximum efficiency as antimicrobial agents was reported for alkylimidazolium and alkoxyimidazolium lactates containing 11 or 12 carbon atoms in the alkyl group [3] and for alkylimidazolium salts with 12-14 carbon atoms in the alkyl chain [9] . The optimum biological effect at a specific chain length can be attributed to the combination of several physicochemical parameters: hydrophobicity, adsorption, critical micelle concentration, aqueous solubility, and transport in the test medium, with the solubility being the limiting step for the transport [37, 38] . For the ILs here investigated, the cooperative interaction of these variables determined the maximal antimicrobial activity of [BMIM] [MRF] against Gram-negative E. coli and yeast S. cerevisiae. Structurally, the alkyl group of fumarate tunes the lipophilicity of the IL via changing the chain length, while its carboxylate end promotes the hydrophilicity of the ILs. Therefore, the hydrophobic and hydrophilic parts of the anion provide structure affinity between the cell walls of the bacteria and the IL. Presumably, other than the nature of lipophilicity, a suitable combination of the lipophilicity and water solubility allows the ILs to have a superior antibioactivity [39] .
Conclusions
Antimicrobial ILs with fumarate anion were synthesized and characterized using NMR and TGA. All the characterization data are consistent with the expected compositions and structures. The thermal decomposition of antimicrobial ILs seems to proceed through two main steps. The ILs are miscible with water and polar solvents such as methanol and dichloromethane and also with the ILs like [BMIM] [BF 4 ]. The antimicrobial activities of the ILs are more active than commercially available potassium sorbate and are greatly affected by the alkyl chain length. The alkyl chain number correlates with their lipophilicity, while the carboxylate anion enhances their solubility in water. A balance between these two factors may play an important role in the ILs' antimicrobial activities. Successful management of current antimicrobials, and the continued development of new ones, is vital to protecting human and animal health against microbial pathogens. The significant antimicrobial properties observed in this research suggest that the ILs may have potential applications in the modern biotechnology.
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